A hybrid adeno-associated virus (AAV)/simian virus 40 (SV40) genome is described. In this construct SV40 regulatory sequences, including the early promoter/enhancers and origin of DNA replication, were substituted for the AAV p5 promoter, which normally controls expression of the AAV rep gene. The hybrid genome was phenotypically indistinguishable from wild-type AAV in human cells in the presence or absence of helper virus. Upon transfection into cos-7 cells, which constitutively produce the SV40 tumor antigen, the genome replicated as a plasmid when the SV40 origin was used, although with a low efficiency compared with that of a non-AAV/SV40 replicon. The low level of replication was due to an inhibitory effect of an AAV rep gene product and was specific for replicons containing AAV sequences. Target AAV sequences required for inhibition by rep appeared to reside in the terminal repetitions since deletion of these sequences allowed efficient replication in the presence of the rep gene. The possible role for negative autoregulation of AAV DNA replication in latent infection and helper-dependent replication by AAV is discussed.
The adeno-associated viruses (AAVs) or dependoviruses have been characterized as defective parvoviruses because of their dependence upon coinfection with a helper adenovirus or herpesvirus for replication in cell culture (1, 8, 9, 24) . In the absence of helper virus coinfection, the AAV genome is efficiently integrated into the host chromosome to establish a latent infection (6, 13, 19, 30) . The notion of the defectiveness of AAV has been supported by the identification of several adenovirus functions needed for optimal AAV DNA, RNA, and protein syntheses (10, 12, 25, 26, 27, 31, 39, 41, 43, 44, 54) .
Several recent discoveries have, however, cast some doubt on the general concept of AAV defectiveness. The first observation is that at least two AAV serotypes, AAV-2 and AAV-5, are not absolutely dependent on helper viruses for replication. In several reports (48, 49, 59) it has been indicated that certain mammalian cell lines become permissive for AAV replication after treatment with a variety of agents, including hydroxyurea, UV irradiation, dimethylbenzanthracene, or cycloheximide. Thus, it is unclear why AAV does not normally replicate in the absence of helper virus coinfection. However, these observations may suggest that productive AAV infection is more the consequence of the general intracellular milieu rather than any direct effects upon the AAV genome by helper virus gene products.
The second observation is that, in addition to regulation by the host cell and helper virus, AAV has been shown to autoregulate its DNA replication and gene expression. Two elements essential to AAV replication have been identified. The first are the AAV inverted terminal repeats (TRs) which act in cis as origins and primers for AAV DNA replication (5, 20, 34, 47, 50, 55 (35, 53) . Lesions within this ORF inhibit or abolish AAV DNA synthesis (21, 57) . Thus, proteins encoded by this ORF are referred to as rep proteins. RNAs which encode rep proteins are produced from the p5 and p19 promoters (11, 17, 18, 33, 35) . Four rep proteins apparently arising from the spliced and unspliced transcripts have been identified (40) .
The rep proteins have also been shown to be pleiotropic regulators of gene expression. In the presence of helper virus, rep positively regulates AAV transcription but negatively regulates expression of both AAV and heterologous genes in certain cells in the absence of full helper function (28, 29, 58 DNA was then transferred to nitrocellulose by the method of Southern (51) and hybridized as described by Maniatis et al. (37) to 32P-labeled dlO3-05/SV40 DNA prepared by the random primer method of Feinberg and Vogelstein (14) .
RNA extraction and analysis. Cytoplasmic RNAs from transfected cells were isolated and analyzed by formaldehyde agarose electrophoresis as previously described (29) .
RESULTS
Characteristics of d103-05/SV40 in human cells. The hybrid construct dl03-05/SV40 contained an AAV genome in which the SV40 regulatory sequences (nt 5171-5243-270) were substituted for AAV sequences from nts 144 to 264 (Fig. 1) . The AAV deletion extended from the boundary of the inverted TR to just upstream of the cap site of the p5 transcript, thus deleting the putative p5 promoter. It should be noted that AAV genomes contained in plasmids are infectious; i.e., the AAV genome is rescued from plasmid sequences and replicated upon transfection into helper virusinfected cells, provided that the AAV TRs and rep gene are intact (21, 32, 46, 47, 57) . After transfection into Ad2-infected human cells, dl03-05/SV40 replicated with similar efficiency as a wild-type genome contained in pSM620 (Fig.  2) , while neither genome replicated in the absence of helper virus ( Fig. 2) (46) .
One rationale for construction of dl03-05/SV40 was to determine whether substitution of the SV40 early promoter for the p5 promoter would lead to an altered level of AAV transcripts accumulated in the absence or presence of a helper virus coinfection. When either dl03-05/SV40 or pSM620 (a wild-type AAV genome) was transfected into human KB cells, AAV transcripts were not readily detected by Northern blotting (Fig. 3) . However, on transfection into Ad2-infected KB cells, transcripts were readily detected, and the relative amounts of transcripts produced by either genome were identical. Thus, we conclude that substitution of the SV40 regulatory sequences for the AAV p5 promoter results in a hybrid construct whose phenotype, in terms of transcript accumulation and DNA replication, is indistinguishable from that of wild-type AAV in human cells.
Replication of hybrid AAV/SV40 genomes in cos-7 cells. The SV40 regulatory sequence in dl03-05/SV40 contained ori. Therefore, it was assumed that transfection of d103-05/SV40 into cos-7 cells, which constitutively synthesize the SV40 T antigen, would lead to replication of the AAV/SV40 hybrid. The ability of this and other genomes to replicate as plasmids in cos-7 cells was analyzed as described above. DpnIresistant replicated DNAs were detected after transfection of d103-05/SV40 (Fig. 4A) . This replication was dependent on the SV40 ori since pSM620, which lacks the SV40 ori, failed to replicate. However, d103-05/SV40 replicated very inefficiently compared with either another AAV/SV40 hybrid, dllO-37/SV40, or a non-AAV vector, pSV2cat. Several possible explanations exist for the defective replication of d103-05/SV40, the most trivial being that the pBR322 poison sequences (36) specifically inhibited replication. This seemed unlikely since d103-05/SV40 contained the identical bacterial plasmid sequences as pSV2cat. A poison-negative version of d103-05/SV40 (dl03-05ISma-/SV40) also was defective for DNA replication when compared with pSV2cat (Fig. 4B) . In this experiment, a large amount of DNA was transfected to readily visualize DpnI-digested unreplicated DNA. In this particular experiment, replication of the AAV/SV40 plasmid was barely detectable. On cotransfection of the AAV/SV40 hybrid and pSV2cat, only replicated pSV2cat DNA and unreplicated d103-05ISma-/SV40 DNAs were detected, demonstrating that the low level of replicated AAV/SV40 DNA observed was not due to random loss during the experiment. We conclude that replication of d103-05/SV40 is defective in cos-7 cells and that this defect is independent of nonspecific effects of the pBR322 vector.
Inhibition of replication is mediated in trans. Results of the experiments presented above indicate that replication of Low-molecular-weight DNAs were isolated, digested with DpnI and PvuII (to linearize the plasmid DNAs), and analyzed as described in the text. The positions of dllO-37/SV40, dl03-05/SV40, and pSV2cat are marked a, b, and c, respectively. dl03-05/SV40 is inhibited in cos-7 cells compared with that of dllO-37/SV40. One major difference between the two genomes is that the AAV rep gene is retained in d103-05/SV40 but is defective in dllO-37/SV40. Cotransfection experiments were carried out to determine whether the inhibition of replication could be mediated in trans. Cotransfection of d103-05/SV40 resulted in a marked inhibition of replication by dllO-37/SV40 (Fig. 5) . The inhibition was dose dependent and was specific for the AAV genome in that similar cotransfections did not inhibit replication of pSV2cat even at twice the concentration of d103-05/SV40. However, it should be noted that in many experiments transfection with high concentrations of replicating genomes into cos-7 cells appeared to nonspecifically block replication of all plasmids, possibly by titration of the limited factors needed for replication (data not shown).
Replication of AAV rep mutants. The ability of d103-051 SV40 to inhibit replication of dllO-37/SV40 strongly suggests that the inhibition of replication is caused by a protein encoded within the AAV rep gene. To specifically determine whether AAV rep proteins are required for the inhibition of replication, several variants of d103-05/SV40 which carried frameshift mutations, deletion mutations, or both within the rep gene were created and analyzed. The structures of the mutant genomes are shown in Fig. 1 . The rep mutations were of two types. The first, represented by d103-05Iins32ISV40, contained an 8-base frameshift insertion within the repcoding region at mp 32. The second type of mutant contained increasing deletions from the 5' (amino-terminal) end of the rep-coding region. The results obtained after transfection into cos-7 cells are illustrated in Fig. 1 Role of the AAV TRs in the regulation of replication in cos-7 cells. Results of the experiments presented above indicate that a rep gene product inhibits replication of AAV genomes in cos-7 cells. The specificity of inhibition implies that rep recognizes specific AAV sequences or structures. The most probable site for action by rep was assumed to be the TRs, since these sequences are known to be required in cis for DNA replication in adenovirus-infected cells. To determine whether the TRs are also required for the negative regulation of replication observed in cos-7 cells, we constructed an AAV genome (pSVaav) which eliminated both TRs from dl03-05/SV40 but retained all but 15 bases (just outside of the right TR) of the internal sequence. We then compared the replication of pSVaav with that of other plasmids in cos-7 cells (Fig. 7) . Although pSVaav contained an intact rep gene, the plasmid replicated as efficiently as pSV2cat and, thus, was greater than 10-fold higher than dl03-05/SV40. Furthermore, cotransfection of pSVaav inhibited the replication of dl03-05Iins32ISV40 in a dose-dependent fashion. Thus, we conclude that the AAV TRs are required in cis for repression of replication by rep. Although cotransfection of pSVaav did inhibit replication of pSV2cat to some degree, this inhibition was significantly lower than that observed with d103-05/ ins32ISV40 and likely represents a simple competition for limited replication machinery in the cos-7 cells.
DISCUSSION
We have characterized the properties of an AAV/SV40 hybrid genome in which the AAV p5 promoter and 100 upstream bases were replaced by the SV40 regulatory sequence. The phenotype of the hybrid genome was indistinguishable from that of wild-type AAV in HeLa cells; i.e., adenovirus coinfection was required for detectable gene expression and DNA replication. The reason(s) for this result is uncertain. Normally, the SV40 regulatory sequence functions constitutively in HeLa cells. Thus, we suspect that the apparent lack of function in the hybrid reflects negative regulation by the AAV rep gene. Two mechanisms are possible. First, the AAV rep gene product(s) has been demonstrated to inhibit gene expression controlled by the SV40 early promoter in murine cells (28) . Second, the AAV rep gene contains a cis-active regulatory element which may also play a role (29) .
We have demonstrated that the AAV rep gene encodes one or more products that can inhibit the replication of plasmids containing both AAV sequences and the SV40 ori in cells that constitutively produce the SV40 T antigen. This inhibitory effect is specific for AAV genomes since replication of AAV genomes was inhibited when the rep gene was provided in trans in cotransfection assays, whereas replication of pSV2cat was not inhibited. The AAV TRs appeared to be required in cis as target sequences for negative regulation by rep, since an AAV genome lacking both TRs replicated efficiently, even though it carried an intact rep gene.
Several points concerning the mechanism of inhibition can be made. First, since certain genomes (i.e., pSVaav and pSV2cat) replicated efficiently in the presence of rep, the inhibitory effect cannot simply be due to an inhibition of T-antigen synthesis, although we have noted that expression of pSV2cat is significantly inhibited in transient assays by the rep gene in some cell lines (28) . The ability of these plasmids to replicate efficiently also indicates that the cellular replication apparatus must still be available and functional.
Because the rep protein(s) is required for utilization of the TRs as origins of replication in helper virus-infected cells, it seems logical that the cis-active target sequences required for negative regulation of replication would be in the TRs, even though the presumed ori in the hybrid constructs described here was in the SV40 regulatory region, at some distance from the AAV TR. The ability of rep proteins to inhibit replication with the SV40 ori can be explained in several ways. (i) In spite of the requirement for the TR sequences, a rep gene product interacts, either directly or indirectly, with the SV40 ori to block initiation of DNA replication. This possibility is unlikely because the replication of pSV2cat was not inhibited. (ii) The interaction, direct or indirect, of the rep gene product(s) with the AAV TR has an allosteric effect that blocks the binding of replication proteins (e.g., T antigen or DNA polymerase) to the SV40 ori. (iii) Initiation occurs normally at the SV40 ori, but the growing chain cannot elongate through an inhibitory complex at the AAV TR. Whether the inhibitory rep gene product(s) interacts directly with the target sequences in the inverted TRs or indirectly through cellular intermediates is unknown. Determination of this point awaits the development of an in vitro assay.
The phenomenon of negative regulation of DNA replication mediated by a product(s) of the AAV rep gene parallels the previously reported (28, 58) inhibitory effects of rep gene products on gene expression from a variety of viral and cellular promoters, including those of AAV itself. Three facts are important. The first is that all of the negative effects of the rep gene were observed in cells that were nonpermissive for AAV replication. The second is that in cells permissive for AAV replication, the rep gene products were required for both transcription and DNA replication. Thus, the same gene(s) has opposite regulatory effects which are dependent on the intracellular milieu. The third point is that the AAV TRs were required in cis for the rep protein to act as a positive or a negative regulator of DNA replication. Although no biochemical data yet exist on the exact activities of rep, these observations suggest that rep proteins interact directly with the TR sequences.
However, it is not yet known whether the ability of the rep gene products to inhibit replication from the SV40 ori of an AAV/SV40 hybrid actually reflects an analogous function by the normal AAV ori. The possibility exists that a rep protein(s) binding to the AAV TR forms a complex which is incompatible with DNA replication in the absence of additional factors that are present under permissive conditions. If this is so, it suggests the possibility that an AAV rep gene product(s) acts specifically to inhibit high levels of AAV DNA replication in the absence of helper virus.
Because of the usual requirement for either adenovirus or herpesvirus coinfection to undergo replication in cell culture, AAV has been classified as a dependovirus. However, two groups of investigators (48, 49, 59) AAV has been previously shown (29, 58) to regulate transcription in both a positive and a negative fashion. Suggestive evidence has been presented that AAV may also code for a gene product required for DNA replication at a level beyond transcription (21) . The data in this paper suggest the possibility that AAV negatively regulates its own DNA replication under nonpermissive conditions. For these reasons we believe it is wrong to consider AAV a defective virus. Rather, its behavior in many ways resembles that of lambda bacteriophage in establishing a latent proviral state. Furthermore, AAV appears to share many genetic and functional characteristics with the papillomaviruses, another group of latent mammalian viruses. Both viruses establish stable relationships with the host cell, although the papillomavirus exists as a plasmid. Although AAV exists as an integrated provirus in latently infected cells, low amounts of episomal AAV are also seen in some latently infected lines (13) . Both viruses appear to encode proteins which both positively and negatively regulate DNA replication (4, 45) , and in either case, the same ORF encodes both functions. Interestingly, if the papillomavirus genome is linearized, it bears a close resemblance to the AAV genetic map; both positive and negative regulatory functions are grouped and overlap and are read from the same DNA strand as the structural genes. Thus, regulatory and structural genes are organized in a head-to-tail relationship rather than head-tohead as in the case of the polyomaviruses. These observations suggest that in a functional (and possibly evolutionary) sense, the papillomaviruses and AAV may be more closely related to each other than the papillomaviruses are to the polyomaviruses.
Finally, it is likely that many nuclear DNA viruses which establish latent infections in vivo may demonstrate a form of negative regulation of DNA replication. It is also likely that some sort of negative regulation of cellular DNA synthesis exists to ensure that cellular ori's are normally used only once during the S phase. Whether the negative regulation of DNA replication observed from AAV, papillomaviruses, or both is a good model for the regulation of cellular DNA synthesis remains to be seen.
